Abstract: The focus of this paper is on the reconstruction of the mid-Holocene climatic changes based on the pollen records contained in a 6.2 m thick section in the southern part of the Tengger Desert, northwestern China. To understand the modern analogues of the mid-Holocene changes, modern pollen spectra across different vegetation zones from the Qilian Mountains to the lowland Tengger Desert were studied first. Four pollen combinations were identified, corresponding to four different modern ecological environments: (1) a Picea-Artemisia combination in a spruce forest and its vicinity; (2) an ArtemisiaChenopodiaceae-Gramineae-Salix combination in a mixture belt of montane grassland and poplar woodland; (3) a Chenopodiaceae-Artemisia-Nitraria combination in a desert steppe belt; and (4) an Elaeagnus-Artemisia-Chenopodiaceae-Nitraria combination in a desert riparian forest. Our study also shows that a relatively low percentage of Picea pollen (30À10%) seems to be associated with water transportation (alluvial deposits) and a very low percentage of Picea pollen (10À5%) appears to be related to long-dis tance air transportation. With references to the modern relationships between pollen assemblages and associated bioclimates, the pollen sequence covering the period between 8500 and 3000 cal. BP was used to infer the climatic change history. The results show that a warmer and drier climate dominated between 8500 and 7950 cal. BP. Subsequent decreases in Artemisia and warm desert forbs=shrubs taxa and contemporaneous fluctuating increases in montane coniferous and aquatics elements from 7950 to 7400 cal. BP reflect a fluctuating increase in humidity and=or a fluctuating decrease in temperature. The following period from 7400 to 5650 cal. BP was generally warm with the Holocene Climate Optimum occurring between 7400 and 6500 cal. BP. A remarkably cool spell followed between 6500 and 6300 cal. BP that was then succeeded by a warmer and more humid period between 6300 and 5650 cal. BP. The period between 5650 and 4450 cal. BP was characterized by drastic oscillations in climatic conditions with three humid and probably cold spells intervened by three relatively dry and warm spells. The period between 4450 and 3500 cal. BP was cold and humid, followed by a wet spell as indicated by a very high percentage of Typha pollen.
Introduction
The Holocene climatic instability of millennial timescales was suggested nearly 30 years ago (Denton and Karlén, 1973) based on the studies on alpine glaciers. Despite its important implications, the concept of millennial timescale climatic instability has not been widely accepted, primarily because of the difficulties in finding corroborating evidence in the climate records from deep-sea and ice cores. For example, measurements of oxygen isotope and methane concentration in the Greenland ice cores reveal no evidence of millennial timescale fluctuations during the Holocene. However, more recent measurements of the soluble impurities in the Greenland ice cores suggest that the Holocene atmospheric circulation regimes above the ice sheet were punctuated by a series of millennial timescale shifts (O'Brien et al., 1995) , which is further corroborated by evidence from the North Atlantic deep-sea sediments (Bond et al., 1997) .
Palaeoclimatic significance of the study area Nevertheless, we are still far away from establishing the geographic patterns of Holocene climatic instability, let alone understanding the mechanisms (Overpeck, 1993; Rind and Overpeck, 1993 ). Yet, understanding the climatic variability of the current interglacial (Holocene) is critical because it can depict the background and trend of natural climatic variations. Until the background and trend are reliably portrayed, the human impact superimposed on the natural background and trend cannot be adequately defined (Bradley, 2000; Crowley, 2000; Delworth and Knutson, 2000; Hoerling et al., 2001; Kutzbach and Liu, 1997; Levitus et al., 2000; Scott et al., 2000) . For this purpose, the temporal sequences of the Holocene climatic variations must first be documented on a regional scale, especially climate-sensitive regions . Tengger Desert is such an area, because it is situated at the conjunction of three major climatic domains: (1) aridÀhyperarid climate to its northwest; (2) semiarid climate to its southeast; (3) cold mountain-plateau climate to its southwest. The East Asian monsoon brings precipitation to the area during the summer and cold and dry air masses dominate the area during the winter Feng et al., 1993; Feng, 2001; Jacoby et al., 2000; Kutzbach and Liu, 1997; Li et al., 1988; Ruddiman, 1997; Thompson et al., 1989; Zhang et al., 2000) . Therefore high-resolution climate proxy data from the desert are certainly needed to depict the climate trend and variability. This study, based on a well-established stratigraphy (Zhang et al., 2000) and newly derived modern pollen data, attempts to fully explore the climatic information in the pollen records, which was only preliminarily compared with other proxy data (Zhang et al., 2000) .
Physiographic settings
With a total area of 36 000 km 2 , the Tengger Desert is the fourth largest desert in China. The Qilian Mountains demarcate the southwestern boundary of the desert and the Helan Mountain defines the eastern boundary. The Yabulai Mountain on the northwest borders the Tengger Desert and the Badanjilin Desert and the Loess Plateau touches the southern tip of the desert. The studied Hong Shui River section (38 10'46''N, 102 45'43''E) is located at the southwestern margin of the Tengger Desert (Figure 1) where the lacustrinefluvial sequences represent the transition between the high Qilian Mountains and the low Tengger Desert areas. The vegetation from the Qilian Mountains to the desert is differentiated primarily on the bases of the elevations.
The alpine meadow, mainly consisting of Kobresia, Carex, Leontopodium, Cremanthodium, and Saussurca, exists between 4000 and 3800 m above sea level (a.s.l.), where the mean annual temperature is < 2.0 C and mean annual precipitation is 560À800 mm. The subalpine shrub-meadow, including Rhododendron, Spiraea alpina, Caragana jubata, Salix oritrepha and Dasiphora fruticosa, occurs between 3800 and 3400 m, where the mean annual temperature is about 2.0 C and mean annual precipitation is 500À750 mm. In the elevation band between 3400 and 2400 m a.s.l., where the mean annual temperature is 2.0À1.5 C and mean annual precipitation is 400À700 mm, montane coniferous forests (mainly Picea crassifolia) dominate the shady (N-, NW-and NE-facing) slopes and Sabina przewalskii forests the sunny (S-, SW-and SE-facing) slopes. The next elevation band between 2400 and 2000 m a.s.l., where the mean annual temperature is 2À5 C and the mean annual precipitation is 300À600 mm, is characterized by temperate deciduous forests (mainly Populus davidiana, with Salix, Pinus tabulaeformis, Betula and Quercus liaotungensis), accompanied by common boreal-temperate shrubs (Dasiphora fruticosa, Lonicera, Berberis, Cotoneaster and Euonymus) and montane grasses (Stipa krylovii, S. breviflora, S. aliena, Artemisia frigida, Agropyron cristatum and Aster altaiecus). In the foothills of the Mountains between 2000 and 1600 m a.s.l., where the mean annual temperature is 4.0À6.0 C and the mean annual precipitation is 200À380 mm, montane desert steppe, mainly consisting of desert forbs=shrubs and steppe forbs=shrubs (Salsola passerina, Reaumuria soongorica, Nitraria sphaerocarpa, Stipa glareosa, S. gobica, Artemisia dalailamae and Asterothamnus fruticosus), is the predominant ecological landscape (Chen and Qu, 1992; Hou, 1982; Wu, 1980) .
The alluvial fans (1600À1500 m a.s.l.) of the Qilian Mountains extend to the southwestern margin of the Tengger Desert where the Hong Shui River section is located. In the southwestern margin, the mean annual temperature is 5À7 C and the mean annual precipitation is about 120À170 mm with the Figure 1 Map showing the study section (i.e., Hong Shui River section) and air pollen sample and surface soil sample sites, with reference to the modern vegetation distribution in the study area.
potential evaporation being as high as 2500 mm. The dominant vegetation in the southwestern margin of the Tengger Desert consists of xeric herbs, desert forbs=shrubs and steppe forbs=shrubs (Nitraria tangutorum, N. sphaerocarpa, Haloxylon ammodendron, Aneurolepidium dasystachys, Kalidium, Reaumuria soongorica, Ephedra, Artemisia xerophytica, Brachanthemum, Ajania and Stipa breviflora). The riparian vegetation in the southwestern margin is composed of temperate deciduous forest species (mainly Populus euphratica) and borealtemperate shrubs (Elaeagnus angustifolia and Lycium chinense) (Chen and Qu, 1992; Hou, 1982; Huang and Wang, 1997; Wu, 1980) .
Modern pollen
To reconstruct the mid-Holocene vegetation and associated palaeoclimate in the Tengger Desert from the Hong Shui River section situated between the Tengger Desert and the Qilian Mountains, we need to understand the physiographic dependence (e.g., geographic locations, climate, topography) and the transportation mechanism of the modern pollen. The focus here is placed on three kinds of samples in order to understand the modern pollen-transportation mechanisms:
(1) air samples; (2) surface samples; (3) lacustrine and fluvial samples.
Sampling strategies and laboratory methods First, to assess the relative contribution by winds to the modern pollen spectra, we studied transportation processes of different pollen grains by analysing the pollen contents in air and surface samples from each of the major vegetation zones in the chosen transect from the Qilian Mountains to the Tengger Desert (1996À98) . Secondly, to evaluate the relative importance of the fluvial contribution to the modern pollen spectra, we analysed the pollen contents in fluvial sediments and in lacustrine sediment. Since the water from the Qilian Mountains does not flow through all vegetation zones to reach the terminal lake due to the interception of a reservoir constructed in the middle reach, we shifted our attention to the Heihe River basin (200 km to the west), which flows through all vegetation zones and reaches the terminal lake, and which has physiographic settings similar to those in the Shiyang River basin.
Our sampling strategies were designed according to the guidelines and experiences provided by many researchers (Hall, 1989; Moore and Webb, 1991; Pennington, 1980; Wright, 1967) . Air samples were collected using an air pollen trap modified from those used by Bonny (1980) and Cundill (1986) , and the sites ( Figure 2) were selected to cover different vegetation zones. The surface samples were collected from moss and litter materials assuming that they effectively trapped and preserved the modern pollen rains (noted as S1, S2, S5, S7 and S8 in Figure 3 ). If they were not available, surface materials (top 1À1.5 cm on the floodplain or first terrace) were scooped (noted as S3, S4, S11, S13, S14, S15, S16 and S17 in Figure 3 ). River sampling sites (e.g., R1M, R2M, R4M, R4S, in Figure 4 ) and lake sampling sites (e.g., L1M, L1S, L2M in Figure 4 ) were selected from the Heihe River basin. Each of the samples was a combination of 5À10 subsamples that were obtained randomly from an area of 100 m 2 to assure its representation. The samples were processed using 36% HCl (2 hr), 5% KOH (boiling 3À5 minutes), mixed liquid of (CH 3 CO) 2 O and H 2 SO 4 (9:1). The pollen residues were mounted on slides and identified using reference materials and published photographs (Moore and Webb, 1991; Wang et al., 1995) . Counts for pollen types are expressed as percentages of the total and counts for fern spores are expressed as numbers of grains.
Analytical results and discussions

Air pollen assemblages
The air pollen spectra from the spruce forest and subalpine shrub-meadow sites (A1, A2, A13 and A14 in Figure 2 ) are dominated by pollen of Picea (28.4À79.9%), together with Salix (2.8À23.8%) and Artemisia (4.9À10.2%). The percentages of Chenopodiaceae (1.7À4.8%), Gramineae (1.1À4.8%) and Betula (1.8À4.9%) are relatively low. The air pollen spectra represent the vegetation reasonably well in terms of its vegetation coverage, although Artemisia is slightly overrepresented. In the mixture zone of montane grassland and poplar woodland (sites A17, A18, A20, A24, A10 and A26 in Figure 3 ), grasses (Gramineae and Artemisia), arbor and shrub (Populus and Salix) are the major components. The pollen assemblages are characterized by high percentages of Artemisia (15.4À41.1%), Gramineae (5.3À16.7%) and Chenopodiaceae (5.9À18.4%). Salix (4.2À14.1%) and Populus (0.0À10.3%) are relatively abundant, and Betula (0.6À8.1%), Picea (0.4À5.5%), Quercus (0.5À1.5%), Zanthoxylum (0.5À2.1%), Cyperaceae (1.0À5.3%), Lycium and Aster type are relatively low. The pollen spectra show that the dominant species (e.g., Artemisia, Gramineae, Chenopodiaceae, Salix and Populus) represent the vegetation reasonably well, but Gramineae is somewhat underrepresented (À16.7%). An exception is the sample A26 that has an extremely high percentage (about 50%) of Gramineae, which is attributable to the sample location where the Gramineae is locally dominant. 
Surface pollen assemblages
The surface pollen spectra from the spruce forest and subalpine shrub-meadow sites (S1, S2, S5, S7 and S8 in Figure 3 ) are dominated by Picea (51.1À79.2%), accompanied with a very high number of fern spore grains and a fair amount of Artemisia pollens (7.8À27.1%). The pollen percentages of Salix (1.5À4.1%), Chenopodiaceae (1.3À3.5%), Gramineae (0.3À5.3%) and Betula (0.3À1.3%) are relatively low. The surface pollen spectra are representatives of the associated vegetation zone and quite comparable with the air pollen spectra in the spruce forest and subalpine shrub-meadow zone (Table 1 ). The major pollen components in the mixture zone of montane grassland and poplar woodland (sites S10, S3, S4, S11 and S13 in Figure 4) are Artemisia (16.2À35.7%), Picea (6.9À23.8%), Salix (2.5À11.8%) and Chenopodiaceae (3.6À14.4%), and the minor components are Betula (0.6À6.8%), Gramineae (0.5À5.2%), Quercus (0.6À2.2%), Populus (0.0À4.2%), Zanthoxylum (0.8À5.7%) and Cyperaceae (5.2À31.0%). The surface spectra are generally similar to the corresponding air pollen spectra (Table 1) except that Picea (up to 23.8%) and Cyperaceae (up to 31.0%) are unexpectedly high. The Picea high may be related to surface runoff from its upper-stream spruce forest and the Cyperaceae high may be contributed by local wetlands.
In the desert steppe the surface pollen spectra (S14 and S15 in Figure 3 ) are marked by dominations of Chenopodiaceae (33.3À36.2%), Artemisia (11.5À19.3%) and Nitraria (8.6À17.2%) and by a very low percentage of Picea (3.0À5.0%) with merely traceable amounts of Aster type, Salix and Gramineae. The assemblage seems to represent the desert steppe reasonably well. The pollen data from riparian forest sites within the desert steppe (e.g., S16 and S17 in Figure 4 ) represent the associated vegetation relatively well. That is, the percentages of Elaeagnus angustifolia (20.2À47.1%), Artemisia (11.8À17.7%), Chenopodiaceae (7.8À19.3%), and Nitraria (10.6À13.7%) are high, the percentages of Cyperaceae (5.8À17.9%) and Typha (0.0À5.7%) are relatively low, and the percentages of Gramineae, Polygonum and Salix are very low. An exception is Populus (< 6.0%), which is definitely underrepresented.
Lacustrine and fluvial pollen assemblages As mentioned earlier, lacustrine and fluvial samples were obtained in the Heihe River basin because the Shiyang River basin is not adequate to serve our purpose. In the fluvial deposits near the spruce forest, Picea (56.7À57.7%) dominates the pollen spectra, Artemisia (7.9À12.3%), Chenopodiaceae (7.0À10.4%) and Gramineae (3.0À6.8%) are minor components, and Cyperaceae, Nitraria and Aster type are just traceable. In the desert steppe zone whose 20À30% of area is irrigated farmland, Gramineae (11.2À27.9%) dominates the fluvial pollen assemblage and Chenopodiaceae (5.0À17.7%), Artemisia (5.1À10.4%), Nitraria (0.5À6.6%) and Aster type (2.3À13.1%) are relatively high. The vegetation of desert steppe is reasonably represented in the fluvial pollen spectra, with two exceptions: (1) the Picea is overwhelmingly overrepresented (12.1À26.1%) due to river transportation from the upper stream; (2) the wetland taxa such as Cyperaceae (1.3À8.6%) and Potamogeton (1.4À4.8%) are common due to local wetland contributions.
In the lacustrine deposits from the desert steppe zone, again 20À30% of which are irrigated farmlands, the pollen percentage of desert steppe component (53.8À67.3%) is extremely high, with a fair amount of aquatic component (8.9À39.9%). Unlike in the fluvial pollen assemblages from the desert steppe zone, Picea (< 8.0%) and Gramineae (< 5.0%) are expectedly low. The lacustrine pollen spectra in the desert steppe zone mainly consist of Chenopodiaceae (10.6À33.8%), Nitraria (3.8À14.5%) and Artemisia (4.6À14.2%) with detectable amounts of Peganum, Ephedra and Aster type. It is quite noticeable that aquatic and wetland components such as Nymphaea (up to 25.3%), Potamogeton (up to 10.5%) and Cyperaceae (up to 8.0%) are expectedly high in the lacustrine deposits.
Discussion
Our data and data by others (Li and Yao, 1990; Li, 1998; Liu et al., 1999; Xiu et al., 1996; Yan and Xu, 1989; Yan, 1993) show that: a very high percentage of Picea pollen (30À80%) suggests the existence of spruce forest or approximation to a spruce forest; a relatively low percentage of Picea pollen (30À10%) seems to be associated with water transportation (alluvial deposits); and a very low percentage of Picea pollen (10À5%) appears to be related to long-distance air transportation. Our data show that the Picea pollen percentage is rather low (< 8%) in the terminal lake of the desert steppe zone that is fed by the Heihe River flowing through the spruce forest in the Qilian Mountains. We also calculated the ratio of Artemisia and Chenopodiaceae (A=C ratio) as an index of moisture. Many studies (e.g., Cour et al., 1999; El-Moslimany, 1990; Li and Yao, 1990; Li, 1998; Liu et al., 1999; Sun et al., 1996; van Campo and Gasse, 1993; Wang et al., 1996; Weng et al., 1993; Zhou et al., 1996) show that the A=C ratio fairly expresses the effective soil moisture and associated vegetation. Our calculation shows that the A=C ratio ranges from 4.5 to 2.0 in the montane grasslands and the ratio is very low in the desert steppe (0.3À1.0). It should be stressed here that Populus is considerably underrepresented and Cyperaceae is generally overrepresented in any vegetation zone where local wetlands exist.
Our results indicate that pollen spectra of different vegetation types in the study area are generally distinguishable. According to the pollen composition in each vegetation zone, the relationship between the pollen assemblages and associated vegetation in the study area can be characterized as follows: (1) a Picea-Artemisia pollen combination in a spruce forest and its vicinity; (2) an Artemisia-Chenopodiaceae-Gramineae-Salix pollen combination in a mixture zone of montane grassland and poplar woodland; (3) a Chenopodiaceae-ArtemisiaNitraria pollen combination in a desert steppe zone; and (4) an Elaeagnus-Artemisia-Chenopodiaceae-Nitraria pollen combination in a desert riparian forest.
Mid-Holocene pollen records
The Tengger Desert is located within the climate-sensitive area of east-central Asia, and high-resolution climate proxy data from the desert are definitely needed to decipher the regional climatic variability of the Holocene. This regional reconstruction may help us in portraying the temporal and spatial patterns of the Holocene climatic and environmental changes on hemispheric and global scales.
Stratigraphy and laboratory methods
The studied Hong Shui River section is 620 cm thick and five stratigraphical units were identified from the bottom to the top ( Figure 5 ). The first unit (620À500 cm) is a layer of alluvial sand-gravel with crossbeddings and the second unit (500À335 cm) is composed of alluvial sand layers interbedded with gravel layers containing silt-clay balls and tree remains. The third unit (335À198 cm) can be divided into two parts: the lower part (335À225 cm) is silty clay containing root residuals, and the upper part (225À198 cm) is clayey silt and silty sand containing two peat layers at depths of 335 to 320 cm and 274 to 268 cm. The fourth unit (198À110 cm) is a layer of lacustrine deposits enriched in greyish-white carbonate and fossil molluscs. The fifth unit (110À0 cm) is a bedded clayey silt and silty clay layer. Many sections with similar stratigraphic characteristics have been found in the entire Tengger Desert; the Hong Shui River section is therefore a typical Holocene section for the area.
We obtained 101 samples for pollen analysis at 10 cm intervals in the lower portion (620À500 cm) and at 5 cm intervals in the upper portion (500À0 cm). The chronology was established based on nine C-14 dates of organic samples ( Figure 5 ) and the ages between the dates were linearly interpolated. The processes and methods to establish the chronology have been discussed in detail by Zhang et al. (2000) , in which a half-life of 5568 years was used for the calculations, and the results have been calibrated by the program of Stuiver and Reimer (1993) . The procedure for fossil pollen analysis involves treating 100À250 g of sediment sample with 36% HCl, concentrated hydrofluoric acid (HF) and heavy-liquid separation (twice, using potassium iodide, ideal specific gravity of 1.9), and the HF treatment was repeated when necessary. Exotic Lycopodium tablets were added to each sample for calculation of pollen concentration values. The pollen residues were mounted on slides and the slides were examined at Â 400. At least 300 (between 300 and 1000) pollen grains were counted for each sample. Pollen types were identified using reference material and published keys and photographs (Moore and Webb, 1991; Wang et al., 1995) .
Mid-Holocene pollen assemblages
In this study, we first defined the altitude-dependent plant function types and associated climates as described above. The relationships between modern plant function types and associated pollen assemblages were then used to reconstruct palaeoecological and palaeoclimatic conditions. Based on variations in pollen percentages, pollen concentration and plant ecological function types, eight pollen assemblage zones were identified (zones A to H in Figures 6 and 7) .
Zone H (620À500 cm; c. 8450À7950 cal. BP) This zone is characterized by a very low pollen concentration.
Steppe forbs=shrubs are dominant and boreal-temperate shrubs and warm desert forbs=shrubs are abundant. The amounts of montane coniferous and temperate deciduous pollen grains are just traceable and wetland taxa are absent. Dominant pollen types are Artemisia (44.3À83.3%), Chenopodiaceae (3.8À25.2%) and Nitraria (2.1À29.1%). Anthemis type, Polygonum, Aster type, Tamarix, Elaeagnus, Lonicera and Gramineae occur consistently but at low percentages. Pinus and Picea are also just traceable. This pollen assemblage probably indicates a typical steppe landscape under a warm and relatively dry environment.
Zone G (500À360 cm; c. 7950À7400 cal. BP) This zone is marked by increasing percentages of montane coniferous pollens and also by declining percentages of steppe forbs=shrubs and warm desert forbs=shrubs. The fluctuating increases in Picea, Aster type and Typha occurred at the expense of Artemisia that decreases from 61.3% to 17.2%. The two Picea peaks, appearing around 7760À7680 cal. BP (10.8À31.0%) and around 7490À7400 cal. BP (30.1À40.1%), seem to be indicative of two cool and wet spells during this time interval. A very high peak of Typha (up to 90.8%) around 7810À7760 cal. BP and a moderate peak of Aster type (15.2À48.5%) around 7680À7540 cal. BP suggest rapid changes in the vegetation compositions.
Zone F (360À280 cm; c. 7400À6490 cal. BP) Pollen concentration are higher and the number of species are at their highest for the entire section. This zone is characterized by high percentages of temperate deciduous (4.4À37.8%) and boreal-temperate (1.7À14.7%) shrub pollen taxa such as Betula, Quercus, Salix, Juglans, Ulmus, Acer, Corylus, Rosaceae, Zanthoxylum, Elaeagnus, Lonicera and Zizyphus. The relative dry component, Artemisia pollen, decreases rapidly (down to 3%) as the wetland taxa including Typha (2.7À25.5%) and Cyperaceae (1.2À12.2%) increase. The pollen percentage of Gramineae, varying between 5.7% and 23.3%, reaches its greatest abundance in the entire section. The coniferous component, Picea and Pinus together with other coniferous taxa, is relatively common in this zone. Mesophytes herbs (e.g., Thalictrum, Caryophyllaceae, Plantago and Ranunculus) and ferns are also present. This assemblage represents a grassland-forest landscape.
Zone E (280À260 cm; c. 6490À6290 cal. BP) This zone (five samples and 20 cm thick covering a period of 200 years) is characterized by a big spike of montane coniferous component (48.8À81.9%) that includes Picea (31.2À75.1%) and Pinus (5.6À26.2%) with minimal amounts of Artemisia and Chenopodiaceae. The temperate deciduous elements, boreal-temperate shrubs and warm desert forbs=shrubs are considerably suppressed as Triletes and Monoletes ferns reach their second peak, which is preceded by an abrupt spike of Cyperaceae. This pollen assemblage represents a brief cool period during which the vegetation experienced rapid changes.
Zone D (260À195 cm; c. 6290À5670 cal. BP) Montane coniferous component is withdrawing as steppe forbs=shrubs are becoming dominant. Near disappearance of Pinus (0À31.2%) and Picea (1.2À17.7%) and drastic rises of Artemisia (25.1À71.9%) and Chenopodiaceae (4.7À18.4%) mark the transition from zone E to zone D. Other herb and shrub taxa (Anthemis type, Aster type, Taraxacum type, Ephedra, Gramineae, Ranunculus and Polygonum) remain low with a relatively high A=C ratio (3À5). Fern and wetland elements (Cyperaceae and Typha) are present, although rarely. Temperate deciduous component, boreal-temperate shrubs and warm desert forbs=shrubs (Betula, Corylus, Quercus, Salix, Ulmus, Rosaceae, Lonicera, Tamarix and Nitraria) are also present but in merely detectable amounts. This pollen assemblage seems to represent a steppe landscape. Zone C (195À100 cm; c. 5670À4470 cal. BP) This zone is typified by frequent and high-amplitude variations in the percentages of montane coniferous component and steppe forbs=shrubs. The three montane coniferous pollen peaks appear around 5670À5480 (42.7À66.2%); 5370À5010 (60.6À97.8%) and 4900À4700 cal. BP (87.5À89.7%), indicating three cold and relatively moist spells during this time interval (c. 5670À4470 cal. BP). The three spikes of steppe forbs=shrubs dominated by Artemisia and Anthemis type occurred around 5480À5370 (30.4À48.1%), 5010À4900 (22.4À44.7%) and 4700À4470 cal. BP (46.0À48.4%), suggesting three relatively dry and probably warm intervals. The pollen percentages of temperate deciduous component, borealtemperate shrub and warm desert forb=shrub taxa remain traceable. This time interval experienced dramatic vegetation changes under unstable climates.
Zone B (100À30 cm; 4470À3510 cal. BP) The zone is characterized by a high pollen concentration and particularly by a constantly high percentage of montane coniferous tree pollen (56.3À81.2%). For example, Pinus is 22.4À52.9% and Picea is 27.8À59.6% while Artemisia decreases from 38% in zone C to about 10% in zone B. Triletes and Monoletes are relatively high and deciduous arboreal and shrub pollen taxa (e.g., Betula, Quercus, Tamarix and Lonicera) are just traceable. Aster type, Anthemis type, Taraxacum type, Nitraria, Ephedra and Chenopodiaceae are also merely detectable. The coniferous component dominated pollen assemblage seems to represent to a cool climate. 
Discussion and conclusions
The studies of modern pollen rain show that the pollen assemblages in the surface and air samples provide a reasonable representative of the regional vegetation, although some exotic pollen taxa transported from the upper stream are present. Our studies also show that the pollen assemblages in the lacustrine deposits reasonably represent the surrounding vegetation and aquatic plants although a minor component might have been derived from local lake water. Most of the pollen species in the fluvial deposits obtained from the desert steppe are somewhat representative of the associated regional vegetation. Two exceptions are rather notable, however. First, Picea is overwhelmingly overrepresented (12.1À27.9%) due to river transportation from the upper stream. Secondly, the wetland taxa such as Cyperaceae and Potamogeton are quite common due to local wetland contributions.
We realized the difficulties in pinpointing the exact time intervals of climate events recorded in this section because of the possible uncertainties involved in the radiocarbon dates of organic matter and the relatively large technical errors (about 100 years), but, to identify these short-lived events, the linearly interpolated time intervals of climate events are rounded into a half-century (50 years) in the following discussions.
The Holocene Climate Optimum
The period between 7400 and 5650 cal. BP was generally warm and its climax, which occurred between 7400 and 6500 cal. BP, can be regarded as the Climate Optimum of the Holocene, being in agreement with those recorded in other areas of China (Shi et al., 1992) . A low percentage of Artemisia, high percentages of Gramineae, temperate deciduous component and boreal-temperate shrub pollen taxa, and relatively high percentages of Pinus and Picea suggest that a grassland forest occupied the region from 7400 to 6500 cal. BP when the number of species was the highest for the entire period studied. Marshy lake perimeters during this period are implied by relatively high percentages of wetland taxa. The abundance of Triletes and Monoletes ferns also indicate that the conditions were moister than during both the preceding and following periods. The pollen assemblage of the Climate Optimum is somewhat comparable with that in the present mixture zone of montane grassland and poplar woodland, except that there are more temperate deciduous and wetland species and less Artemisia in the fossil record, suggesting that the Climate Optimum was warmer and relatively wet. The pollen assemblage during the second warm period (6300À5650 cal. BP) is also comparable with the modern pollen spectra in the mixture zone of montane grassland and poplar woodland with less temperate deciduous component and more Artemisia.
Cold climate events
Marked by high percentages of montane coniferous component (Picea and Pinus), low percentages of Artemisia, Chenopodiaceae and Salix, and relatively abundant ferns, the following periods are interpreted to be cool and probably wet intervals: around 7770, around 7450, 6500À6300, 5600À5550, 5350À5000, 4900À4700 and 4450À3500 cal. BP. The pollen assemblages recovered for these cold intervals are quite comparable with the modern pollen spectra (the Picea-Artemisia pollen combination) from the montane coniferous forests (mainly Picea) and its vicinity in the Qilian Mountains. With a consideration of the overrepresented montane coniferous component in the modern pollen spectra presented in this study and in other studies (Li and Yao, 1990; Li, 1998; Liu et al., 1999; Xiu et al., 1996; Yan and Xu, 1989; Yan, 1993) , significantly high percentages of montane coniferous components (e.g., 40À80%) can be confidently interpreted as an indication of montane coniferous forest or of approximation to the forest. The vegetation in the desert steppe area where the study section is located is presently dominated by xeric scrubs, indicated by the modern pollen spectra (Elaeagnus-Artemisia-Chenopodiaceae-Nitraria pollen combination). A modern analogue to the inferred cool and wet intervals is the shady (N-, NW-and NE-facing) slopes at the elevations between 2400 and 3400 m in the Qilian Mountains, where the spruce forest dominates the landscape under a cool (MAT: 2.0À1.5 C) and moist (MAP: 400À700 mm) climate (Chen and Qu, 1992; Hou, 1982; Wu, 1980) . Even though these millennial-scale cooling events are not correlative with those found in the Greenland ice core in detail (Bond et al., 1997) , taking into consideration the possible uncertainties and technical errors in the chronology, most of the cooling events (e.g., around 7450, 6500À6300, 5600À5550, 5350À5000, 4900À4700 and 4450À3500 cal. BP) appear correlative with those recorded in the ice-core and glacier advance in NW China (Zhang et al., 2000) , revealing regional climatic variations.
Climatic instability
After a drier and probably warmer period from sometime before 8450 to 7950 cal. BP, increases in percentages of montane coniferous taxa and Typha, accompanied by notable decreases in steppe forbs=shrubs and desert forbs=shrubs, indicate a sharp transition to cooler and moister conditions around 7950 cal. BP. Two Picea peaks that appeared around 7700 and around 7450 cal. BP, a peak of Typha that occurred around 7800 cal. BP and a peak of Aster type that occurred around 7550 cal. BP suggest that the vegetation composition experienced dramatic changes during the early Holocene. The Holocene Climate Optimum (7400À5650 cal. BP) was followed by three cooler and more humid spells interspersed with three warmer and drier intervals. The subsequent period (5650À4450 cal. BP) was characterized by drastic oscillations and the period between 4450 and 3500 cal. BP returned, more or less, to a stable cool and humid climate.
To sum up, the dates for the Holocene Climate Optimum which occurred between 7400 and 5650 cal. BP, with a climax between 7400 and 6500 cal. BP, are in good agreement with those recorded in arid and semiarid areas of China (Shi et al., 1992) and in the Tibetan Plateau Thompson et al., 1989; Yao et al., 1997) . Most of the cold climate events recorded in the Hong Shui River section (e.g., around 7450, 6500À6300, 5600À5550, 5350À5000, 4900À4700 and 4450À3500 cal. BP) appear to be regional climatic phenomena (Zhang et al., 2000) . The most interesting finding in this study is the climatic instability during the mid-Holocene. For example, a sharp transition from warmer and drier conditions to cooler and moister conditions occurred around 7950 cal. BP. Three drastic increases in effective soil moisture occurred between 7800 and 7450 cal. BP (e.g., around 7800, 7700, 7450 cal. BP). The period between 5650 and 4450 cal. BP was characterized by drastic oscillations in soil effective moisture.
The history of the climatic change between 8500 and 3000 cal. BP recorded in this arid part of NW China generally agrees with the model simulation results (COHMAP Members, 1988) , but differs from the results of the Greenland ice core (Zhang et al., 2000) . It seems that the temporal patterns of climatic changes are very different between the east-central interior of Asia and in the North Atlantic area during the Holocene period, requiring a linkage mechanism to be further explored.
